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I consider that death is not a primary necessity, but that it has been secondarily acquired as an adaptation. [Weismann, A., (1889) Essays Upon
Heredity and Kindred Biological Problems. Clarendon Press, Oxford].
Abstract During recent years, several pieces of indirect evi-
dence of a programmed death in yeast have been published.
Among them there are observations that some mammalian
pro- or anti-apoptotic proteins induce or prevent the death of
yeast; some toxic compounds kill yeast at lower concentrations
if protein synthesis is operative; this death, as well as the death
due to certain mutations, shows some apoptotic markers. In
April 2002, the yeast programmed death concept received direct
support. Madeo et al. [Madeo et al., Mol. Cell 9 (2002) 911^
917] disclosed a caspase which is activated by H2O2 or aging
and is required for the protein-synthesis-dependent death of
yeast. Thus, a speci¢c apoptosis-mediating protein was identi-
¢ed for the ¢rst time in Saccharomyces cerevisiae. Independent-
ly, Severin and Hyman [Severin, F.F., Hyman, A.A., Curr. Biol.
12 (2002) R233^R235] discovered that death of yeast, induced
by a high level of a pheromone, is programmed. In particular,
the death was found to be prevented by cycloheximide and cy-
closporin A. It required mitochondrial DNA, cytochrome c and
the pheromone-initiated protein kinase cascade. When haploids
of opposite mating types were mixed, some cells died, the inhib-
itory pattern being the same as in the case of the killing by
pheromone. Inhibition of mating proved to be favorable for
death. Thus, pheromone not only activates mating but also elim-
inates yeast cells failing to mate. Such an e¡ect should (i) stim-
ulate switch of the yeast population from vegetative to sexual
reproduction, and (ii) shorten the life span and, hence, acceler-
ate changing of generations. As a result, the probability of
appearance of new traits could be enhanced when ambient con-
ditions turned for the worse. 9 2002 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction
More than a century ago, August Weismann suggested that
death because of aging occurs due to the operation of an
adaptive biological mechanism rather than to accidental dis-
order in a complex living system [1]. For many years, the
scienti¢c community did not accept this idea. Recently Weis-
mann’s concept was, however, revisited [2,3] since it became
clear that a programmed death (apoptosis) really exists at
least at the cellular level if we deal with multicellular organ-
isms. Programmed death systems were assumed to be also
operative (a) at the subcellular level (self-elimination of mito-
chondria during apoptosis), (b) at the supracellular level (col-
lective apoptosis when an apoptotic cell sends death signals to
cells-bystanders) and (c) at the level of entire organs (apopto-
tic degeneration of some organs during ontogenesis) (for re-
view, see [3]). The problem arose whether death of an organ-
ism might be programmed. There are some indications that
such a phenomenon (called ‘phenoptosis’) exists in unicellular
organisms. In bacteria, altruistic programmed death was sug-
gested to be used by a population (i) to prevent expansion of
phage infection, (ii) to purify a population from those cells
whose genome or some other key systems are damaged, and
(iii) to optimize the number of bacteria in the medium, etc. [3^
7].
2. Programmed death of yeast: pieces of indirect evidences
Until very recently studies on programmed death of free-
living unicellular eukaryotes were at a preliminary stage. Stau-
rosporine (a non-speci¢c protein kinase inhibitor inducing ap-
optosis in cells of higher organisms) was shown to stimulate
reactive oxygen species (ROS) production and to kill Tetra-
hymena [8]. Petit and his colleagues [9] identi¢ed in the slime
mold Dictyostelium discoideum an apoptosis-inducing factor
(DdAIF) structurally and functionally similar to the mamma-
lian AIF [10]. It was found that DdAIF is involved in cell
death caused by adding protoporphyrin IX or di¡erentiation-
inducing factor-1 (DIF-1). However, one should keep in mind
that D. discoideum at some stage of its life cycle is a multi-
cellular organism (for some other indications of the pro-
grammed death of constantly unicellular eukaryotes, see re-
views [4,6]).
During the last decade, the above problem was intensively
studied in yeast. The majority of these studies dealt with ex-
pression of mammalian pro- and anti-apoptotic proteins in
these microorganisms. Kane et al. [11] reported that anti-ap-
optotic mammalian protein Bcl-2 partially rescued a yeast
mutant lacking superoxide dismutase. Manon and co-workers
[12] found that pro-apoptotic mammalian protein Bax caused
growth arrest of yeast cells, which was accompanied by cyto-
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chrome c release from mitochondria to cytosol. Coexpression
of anti-apoptotic Bcl-xL prevented the e¡ects of Bax. In the
same laboratory, it was later found that neither cytochrome c
nor ATP/ADP antiporter are required for the Bax-induced
death of yeast [13]. Thus, cytochrome c release might be a
side e¡ect of Bax. For example, it is known that Bax, if added
together with mitochondrial porin, induces permeabilization
of an arti¢cial phospholipid membrane to cytochrome c [14].
It was found that porin is required for killing of yeast by Bax
[15]. However, it was also shown [16] that some proteins other
than porin are necessary for the Bax-induced yeast death. No
cytochrome c release was found in this study. The Bax-in-
duced death of yeast seemed to be a consequence of an oxi-
dative stress since some plant proteins preventing the Bax-
induced ROS burst rescued the Bax-expressing yeast when
co-expressed with Bax [17,18].
Some other studies have demonstrated that certain muta-
tions in the yeast genome result in death showing features of
apoptosis [19,20]. In the latter paper, the authors claimed that
they observed a cytochrome c release and mitochondrial de-
polarization, but the data presented are hardly su⁄cient to
make such a conclusion.
Three cases were described which point to programmed
death of yeast treated by a lethal dose of some toxic com-
pounds. Madeo et al. [21] and Corte-Real et al. [22] reported
that H2O2 and acetate respectively kill yeast, the death being
accompanied by some typical apoptotic changes. In both
cases, higher concentrations of the poison were required to
kill the cells if translation was inhibited by cycloheximide.
(cf. Christensen et al. [8] who reported that killing of Tetra-
hymena by staurosporine was prevented by actinomycin D).
These facts suggested that the programmed death mechanism
in yeast is inducible. However, complications in interpretation
of these data may arise due to pleiotropic e¡ects of such
agents as H2O2. It was found [23] that H2O2 stimulates syn-
thesis of at least 115 proteins and represses synthesis of 52
other proteins in the yeast cell. Therefore it is di⁄cult to
exclude that decrease in the H2O2 sensitivity of yeast by cyclo-
heximide is a side e¡ect.
Narasimhan et al. [24] showed that the plant antibiotic
osmotin kills yeast. Several features of apoptosis, including
ROS overproduction, were revealed. The anti-oxidant N-ace-
tyl-L-cysteine prolonged the life of the osmotin-treated yeast.
Some components of the pheromone cascade were shown to
be involved in the osmotin e¡ect1.
3. Discovery of yeast caspase
In 2001, Laun et al. [25] reported that apoptotic markers
are inherent in death of yeast because of aging. Quite recently
the same group [26] succeeded in ¢nding in S. cerevisiae a
caspase, a key enzyme of the animal apoptotic cascade (this
discovery was, in fact, predicted by Koonin, Dixit and their
bioinformaticist colleagues analyzing the yeast genome [27]).
Madeo et al. [26] studied a 52 kDa protein, the sequence of
which resembled that of mammalian caspases. It was found
that overexpression of the enzyme resulted in removal of a 12
kDa fragment of this protein and appearance of the caspase-
like proteolytic activity. If potentially catalytic cysteine 297 of
the protein was mutated, no formation of the 12 kDa product
was observed. Overexpression of the 52 kDa protein reduced
viability of the prolonged yeast culture, the e¡ect being pre-
vented by a caspase-speci¢c inhibitor. Addition of H2O2 to
the yeast overexpressing p52 made the cell extract able to
hydrolyze typical caspase substrates. Deletion of the corre-
sponding gene increased the lethal dose of H2O2 by a factor
of 3 and entailed appearance of 6^8% ‘immortal’ cells surviv-
ing more than 28 days under nutrient-depleted conditions
whereas all the wild-type cells died within 10 days. The au-
thors called the 52 kDa protein yeast caspase 1 (YCA1).
Madeo et al. [26] identi¢ed one more component of the
YCA1-mediated yeast programmed death. It was shown
that the absence of a protein encoded by the Ygl129c gene
completely prevented the death caused by the YCA1 overex-
pression. As indicated by Berger et al. [28], this protein is an
ortholog of the animal mitochondrial protein DAP-3, which is
involved in apoptosis induced by some cytokines [29,30].
4. A pheromone induces programmed death of yeast
In another paper published quite recently, Severin and Hy-
man [31] reported for the ¢rst time that the programmed
death of a unicellular eukaryotic organism could be induced
by a natural signal substance released by these organisms.
E¡ects of K-factor (a pheromone peptide produced by the
K-type haploid cells of S. cerevisiae) were studied. It was al-
ready known that K-factor at concentrations below 1 WM
forced yeast of the opposite mating type (a) to conjugate
with the K-type yeast whereas its higher concentrations caused
arrest of the a cell cycle and then death (for review, see [32]).
The question was whether this death is programmed. The data
obtained by Severin and Hyman clearly demonstrate that the
answer should be ‘yes’.
1. The pheromone-induced death was shown to be accompa-
nied by appearance of a series of typical features character-
istic of apoptosis in animals: (a) ROS were produced at an
early stage of the suicide program; (b) typical changes in
arrangement of chromatin and nuclear DNA fragmenta-
tion occurred at a late stage; (c) both ROS production
and death required mitochondrial DNA; (d) cytochrome
c was necessary for death but not for ROS production.
2. Like in yeast phenoptoses induced by toxic compounds
[21,22,24], the K-factor-induced ROS production and death
required protein synthesis.
3. Both the mating and the death mechanisms induced by the
pheromone shared some common steps: (a) only cells of
the opposite sex (a-type yeast) showed the K-factor-caused
ROS production and death, whereas K-type yeast was re-
sistant (diploid cells, like K-cells, are known to be insensi-
tive to the death signal of K-factor); (b) a mutation in the
pheromone protein kinase cascade (ste 20 gene [33]) pre-
vented both death and appearance of apoptotic markers;
(c) mutation in the gene coding for calmodulin enhanced
1 When this manuscript was already submitted to FEBS Letters, one
more paper by Corte-Real and her colleagues appeared. The authors
succeeded in demonstrating cytochrome c release during the acetate-
induced programmed death of S. cerevisiae. This was shown by West-
ern blots as well as spectrophotometrically. Moreover, it was found
that mutants lacking apocytochrome c heme liase, mitochondrial
DNA or an Hþ-ATP-synthase subunit did not show this programmed
death. The Hþ-ATP-synthase inhibitor oligomycin was without e¡ect.
The death was accompanied by a lowering of the level of the cyto-
chrome c oxidase subunit II whereas the complex III activity remained
constant [40].
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the ROS-producing response and death caused by K-fac-
tor; this e¡ect being expected since calmodulin is known to
attenuate the pheromone mate signal [34].
Involvement of mitochondria and cytochrome c in yeast
programmed death phenomena is noteworthy. On the face
of it, this observation is surprising since in the S. cerevisiae
genome there are no genes encoding Apaf-1 (apoptotic pro-
tease-activating factor 1), as well as Smac and AIF, i.e. pro-
teins involved in the mitochondrion-mediated apoptosis of
animal cells [35]. This means that yeast possesses a suicide
mechanism requiring mitochondrial DNA product(s), cyto-
chrome c and caspase but independent of the animal-type
Apaf-1, etc.
Another observation by Severin and Hyman [31] was that
cyclosporin A, inhibitor of many types of apoptosis in animal
cells [10], is also inhibitory in yeast. In animal systems, this
agent is used to arrest opening of the permeability transition
pore in the inner mitochondrial membrane (for review, see
[36]). In yeast, the pore was reported to be cyclosporin A-
resistant [37,38] although cyclophilin, a cyclosporin A target,
was found in the yeast mitochondria [39]. Perhaps, sensitiza-
tion of the yeast mitochondrial pore to cyclosporin A requires
also some other protein(s) induced by pheromone.
Novel observations concerning the yeast programmed death
mechanism are summarized in Fig. 1. It is assumed that at
high concentrations, pheromone saturates a receptor on the
surface of the yeast cell, sending a signal to a putative tran-
scription factor via the ste20-mediated protein kinase cascade
controlled by the Ca2þ^calmodulin^calcineurin system. As a
result, synthesis of some programmed death protein(s) is in-
duced that stimulate ROS formation and/or cyclosporin
A-sensitive permeability transition pore in the inner mito-
chondrial membrane. This, in turn, entails swelling of the
mitochondrial matrix and, as a consequence, disruption of
the outer mitochondrial membrane. Cytochrome c is released
to the cytosol and, via an Apaf-1 functional analogue X,
activates a caspase (YCA1?), which switches on terminal
events of the programmed death.
However, the most interesting observation made by Severin
and Hyman [31] consists in that the killing of yeast by K-fac-
tor is a physiological e¡ect of this signal peptide. To initiate
ROS production and death, it was su⁄cient, instead of adding
of a high pheromone concentration, to mix K- and a-type
yeast cells. Both ROS production and death were found to
be inhibited by mutation in the K-factor-induced protein ki-
nase cascade.
Thus, the pheromone-induced programmed death seems to
be related to a switch from the vegetative to sexual reproduc-
tion in yeast. It is well known that such a switch represents a
response of the yeast cell to a change in ambient conditions
for the worse. In fact, the life span of diploid yeast is about
3 days. During this period of time, a mother cell forms about
30 buds and then dies. It was recently found that certain ap-
optotic markers, including induction of caspase, appear in
chronologically aged yeast cultures [25,26]. When ambient
conditions deteriorate, the following mechanisms are actu-
ated: (i) formation of spores, a latent form of life, from dip-
loid cells; (ii) formation of haploid cells from spores;
(iii) substitution of sexual reproduction for vegetative repro-
duction; and (iv) initiation of pheromone-induced pro-
grammed death resulting in shortening of the life span and,
hence, in acceleration of changing of generations. The latter,
like sexual reproduction, might be favorable for progressive
evolution. Moreover, the pheromone-induced programmed
death may be regarded as a mechanism purifying a population
Fig. 1. Tentative scheme of the pheromone-induced programmed
cell death of yeast (on the basis of data of [31] and [26]). Ste20p,
component of the pheromone protein kinase cascade; PTP, perme-
ability transition pore; CsA, cyclosporin A; OMM and IMM, the
outer and inner mitochondrial membranes, respectively.
Fig. 2. The life cycle of yeast: oscillation between long-lived and
short-lived modes. Deterioration of ambient conditions induces the
vegetative-to-sexual reproduction switch mediated by production of
pheromones that are excreted into the medium. Low concentrations
of pheromones cause cell agglutination and mating of K and a hap-
loid cells. Those cells that were agglutinated but failed to mate are
killed by high concentrations of pheromone appearing in narrow
clefts between agglutinated cells. This mechanism puri¢es the yeast
population from such cells and accelerates change of generations in
the population.
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from those haploid cells that, for some reason, fail to mate.
Such a reason may consist, e.g. of wrong reciprocal orienta-
tion of two mating cells in a cell agglutinate. Events of this
kind are quite probable since yeast possesses no mechanism
for active movement. Perhaps, high pheromone concentra-
tions appearing in clefts between adhered haploid cells kill
these cells if they fail for a long time to convert to the pher-
omone-resistant diploid. This suggestion was con¢rmed by the
observation that chloroquine, an inhibitor preventing zygote
formation but not agglutination, strongly stimulated death
when K and a cells were mixed [31]. The above relationships
are illustrated in Fig. 2.
If diploids produced as a result of the operation of the
mechanism shown in Fig. 2 are not adapted yet to new con-
ditions, the chain of events is repeated until new trait(s) ap-
pear which help to overcome disadvantages of environmental
changes that have occurred.
Thus, yeast seems to be a form of life that oscillates be-
tween short-lived and long-lived modes, the oscillation being a
mechanism of adaptation to changing conditions. This seems
to be in line with Weismann’s paradoxical hypothesis that
death can be a kind of adaptation. The next (and the most
important!) problem remains whether this principle is appli-
cable to higher organisms and, if so, to what extent.
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